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ABSTRACT
We calculated hydrogen recombination line luminosities (H-α, Paschen-β and Brackett-γ) from three
dimensional thermo-hydrodynamical simulations of forming planets from 1 to 10 Jupiter-masses. We
explored various opacities to estimate the line emissions with extinction in each cases. When realis-
tic opacities are considered, only lines from planets ≥10 Jupiter-mass can be detected with current
instrumentation, highlighting that from most planets one cannot expect detectable emission. This
might explain the very low detection rate of H-α from forming planets from observations. While the
line emission comes from both the forming planet and its circumplanetary disk, we found that only
the disk component could be detected due to extinction. We examined the line variability as well,
and found that it is higher for higher mass planets. Furthermore, we determine for the first time, the
parametric relationship between the mass of the planet and the luminosity of the hydrogen recom-
bination lines, as well as the equation between the accretion luminosity and hydrogen recombination
line luminosities. These relationships for planets appear to be steeper than the analogous relation for
young stars, suggesting that the accretion process around planets proceeds differently than around
stars.
Keywords: accretion, accretion disks — methods: numerical — planets and satellites: formation —
planets and satellites: gaseous planets — protoplanetary disks
1. INTRODUCTION
Hydrogen recombination lines are traditionally used in
the astrophysics community to estimate accretion rates.
Similarly to young stars, forming planets are also be-
lieved to emit H-α, Paschen-β and Brackett-γ lines, how-
ever it is still unclear, what planetary masses can indeed
cause detectable hydrogen ionization. Two processes are
possible to cause hydrogen ionization: (i) thermal ion-
ization occurring for gas temperatures above ∼10,000
K, or (ii) collisional ionization, requiring an accretion
flow fast enough to produce ionized hydrogen. Whether
these conditions present for planetary mass objects, that
are cooler than stars, is still subject of current investi-
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gations (Ayliffe & Bate 2009a,b; Szula´gyi 2017). The
first detection of an accreting planet via the H-α tracer
in the circumstellar disk (CSD) was in the system of
LkCa15 (Sallum et al. 2015). However, follow-up obser-
vations of this source by independent groups were un-
able to detect the H-α signal again (Mendigut´ıa et al.
2018). More recently, H-α was detected from the plan-
etary candidate PDS 70b, with an estimated accretion
rate of 10−8MJup/year Wagner et al. (2018). The de-
tection of H-α from PDS 70b was confirmed in 2019
and, additionally, another planet-like H-α source was
found in the system Haffert et al. (2019). It is however
puzzling that despite the effort from ongoing surveys
(Cugno et al. 2019; Zurlo et al. 2020) aiming at detect-
ing forming planets via H-α, until now planet-like H-α
detections have only been obtained for the above two
circumstellar disks. Given that H-α is generally a ro-
bust tracer of accretion, the question then arises as to
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why are there so few defections of this line from form-
ing planets. One problem may be the extinction. The
forming planet is surrounded by a circumplanetary disk
(Kley 1999; Lubow et al. 1999), which may absorb most
of the hydrogen recombination lines emitted by the ac-
creting planets (Szula´gyi et al. 2019). At medium to
large inclinations, the circumstellar disk can also absorb
out a significant fraction of the H-α flux. This complex
three-dimensional problem has prevented until now the
magnitude of the extinction to be robustly estimated.
The second problem is clearly that planets are not as
hot as stars, and even the accretion flow to the forming
planet cannot always heat up the gas and ionize it. It is
important to understand what is the temperature on the
surface of the forming planet and in the circumplanetary
disk in order to investigate whether and where hydrogen
ionization can occur. The third possible problem why
there have not been many of H-α detections from form-
ing planets is the potential variability of this line. As
planets orbit in the circumstellar disks, their accretion
rate changes as well, presumably causing variations in
the hydrogen recombination line luminosities. The mag-
nitude of the possible line variability due to the variable
accretion rates of orbiting planets is currently unknown.
The first rough estimates of H-α luminosities from 3D
thermo-hydrodynamical simulations of forming planets
and their circumplanetary disks, used the T Tauri em-
pirical formula (Rigliaco et al. 2012) that connects Lacc
to LHα (Szula´gyi & Mordasini 2017). These models ig-
nored extinction and suggested that all examined plan-
etary mass (1, 3, 5, 10 MJup) might emit of the order of
4 to 7× 10−6 LSun in LHα (Szula´gyi & Mordasini 2017).
This result is in strong contrast to the low detection rate
of H-α from observational surveys. Part of the discrep-
ancy may arise from the fact that the accretion process
around planets is likely to be significantly different from
that of stars, rendering the T Tauri empirical formula
inadequate in this case. Indeed, while stars have strong
magnetic fields which may lead to magnetospheric accre-
tion, planets are expected to have much weaker fields, in
most cases not strong enough to support magnetospheric
accretion. It is suspected that planets may instead grow
via boundary layer accretion, when the circumplanetary
disk directly touches the planet surface (Owen & Menou
2016).
One important result from 3D simulations is that the
accretion shock-front is located on the circumplanetary
disk (Szula´gyi & Mordasini 2017; Tanigawa et al. 2012),
rather than being on the planetary surface, as suggested
by one-dimensional simulations (Marleau et al. 2019).
Indeed 3D simulations show that the accretion stream is
launched from the upper layers of the circumstellar disk,
spiraling down to the circumplanetary disk through the
so-called meridional circulation (Fig. 1; Szula´gyi et al.
2014; Fung & Chiang 2016, that has now been observed:
Teague et al. 2019) and hitting its surface, while creat-
ing a luminous shock-front on it (Figures 1, 2). This
shock can be hot enough to ionize hydrogen (Figs. 3,
5), thus H-α emission could be expected to arise from
both the planet and the circumplanetary disk. Aoyama
et al. (2018) carried out detailed one-dimensional ana-
lytical calculations in order to estimate the hydrogen re-
combination line fluxes under the assumption that the
lines are emitted from the surface of forming planets.
These calculations found that forming planets can in-
deed produce all the hydrogen recombination lines with
very high line luminosities, again in tension with current
observational results. This result was mainly driven by
an assumption of extremely high temperatures (approx.
104−106 Kelvin on the surface of planets) and high col-
lisional velocities (> 20 km/s), which are not expected
on the surfaces of forming planets (Szula´gyi 2017), but
could be perhaps more appropriate for stars.
In this work we have self-consistently calculated hy-
drogen recombination line emissions from 3D thermo-
hydrodynamical models of forming planets, including
extinction. We examined the expected line variability
for H-α, Paschen-β and Brackett-γ lines and for the first
time determined the parametric equation between the
accretion luminosity Lacc and the hydrogen recombina-
tion line fluxes for planets.
2. METHODS
2.1. Hydrodynamical Simulations
We have used 3D thermo-hydrodynamical simulations
performed with the JUPITER code (Szula´gyi et al.
2016). This algorithm, developed by F. Masset and J.
Szulagyi solves the Euler equations, and calculates the
temperature via a radiative module using a flux limited
approximation (see e.g. on Fig. 3; Kley 1989; Com-
merc¸on et al. 2011). The heating and cooling channels
include viscous heating, shock heating, adiabatic com-
pression (e.g. due to accretion onto the planet), adia-
batic expansion and radiative dissipation.
The simulations are the same as in Szula´gyi & Mor-
dasini (2017) and consist of a circumstellar disk (Fig.
6) forming one planet of a given mass. The coordinate
system is spherical and centered on the 1 Solar-mass
star, that was treated as a point-mass. The ring of the
circumstellar disk around the star spans a distance be-
tween 2.0 and 12.4 AU (sampled over 215 cells), the
planet is placed at 5.2 AU (Jupiter’s distance from the
Sun). The circumstellar disks initial surface density is
set as Σ = Σ0(r/5.2AU)
−0.5 with Σ0 = 222.2 g/cm2.
Hydrogen recombination lines from planets 3
Figure 1. Meridional circulation (from Szula´gyi et al. 2014 between the circumstellar and circumplanetary disk (orange
”butterfly-pattern” in the center of the image) schematized on a 2D vertical surface for simplicity. Gas from the higher density
regions enters the lower density gap regions, then spirals down to the CPD. The non-accreted gas is then pushed back inside the
CPD midplane regions to the circumstellar disk. It rises up again there to maintain the vertical hydrostatic equilibrium and to
maintain the flow. This continuous material feeding from the circumstellar disk assures that the CPD density scales with the
CSD density (Szula´gyi 2017). Streamlines video are available at: https://www.ics.uzh.ch/∼judits/images/visu/video 6.mp4
This way the total disk mass is approximately 11 MJup,
which is an average protoplanetary disk mass from ob-
servations (Williams & Cieza 2011). A power-law slope
of -0.5 is again chosen based on observational constraints
(Andrews et al. 2009; Isella et al. 2009). In different sim-
ulations we study planets of different masses, namely 1,
3, 5, and 10 MJup. These are treated as a point-mass
in the corner of 8 cells. The planet is thus unresolved
and represented by a gravitational potential well. How-
ever, a small gravitational softening is used in order to
avoid a singularity, with smoothing lengths of 6.5×1010,
1.3 × 1011, 1.3 × 1011, and 2.7 × 1011 cm for the 1, 3,
5, and 10 MJup planets, respectively. Nested meshes are
used in the JUPITER code in order to increase the res-
olution near the planet. With each level of refinement,
the resolution doubles and we use 6 levels of refinement
to approach a length compared to Jupiter’s radius, with
the smallest cells being 1.1×1010 cm, i.e. ∼ 0.8 Jupiter-
diameter. The opening angle of the circumstellar disk is
7.4 degrees (using 20 cells resolution on the base mesh).
The circumstellar disk is resolved with 680 cell to cover
the 2pi azimuthal extension. We employ the ideal gas
equation of state with a fixed adiabatic index of 1.4 and
a mean molecular weight of 2.3 (corresponding to the so-
lar value). The fixed adiabatic index is a limitation, as in
reality it would change due to molecular hydrogen disso-
ciation and ionization. A constant kinematic viscosity of
value of 1015 cm2/s is used. The opacity table used in
the hydrodynamic simulations is a frequency indepen-
dent Rosseland-mean-opacity (Bell & Lin 1994). Our
simulations do not contain magnetic fields, hence they
are valid only for boundary layer accretion, rather than
for magnetospheric accretion. Owen & Menou (2016);
Batygin (2018) found that in most cases boundary layer
accretion is valid for planets, as they have 1-3 orders of
magnitude smaller fields than what is required to launch
magnetospheric accretion.
2.2. Line luminosity calculation
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Figure 2. Zoom into the circumplanetary disk in the 10 MJup simulation, with a few representative streamlines of the gas to
show the flow direction. Some of the streamlines accrete directly onto the planet, while others, further away from the planet in
the x-direction, land onto the circumplanetary disk, and leave it in the midplane regions to flow back to the circumstellar disk
thus maintaining meridional circulation (Szula´gyi et al. 2014; Fung & Chiang 2016).
We post-processed the temperature and density fields
from the hydrodynamic simulations in order to calculate
an ionization rate via the Saha-equation (Saha 1920) and
used this to derive the electron number densities. We
obtained the hydrogen number densities from the total
gas densities assuming a mean-molecular weight of 2.3,
consistent with the hydrodynamic simulations. The hy-
drogen recombination spectrum was then calculated by
applying the formalism used in the MOCASSIN code
(Ercolano et al. 2003, 2005, 2008) and based on the de-
tailed atomic data calculations of (Storey and Hummer
1995). We obtained the emerging line intensities of H-
α (0.6563 µm), Paschen-β (1.2818 µm) and Brackett-
γ (2.165 µm) by integrating the local line luminosities
from the midplane of the disk to the surface, assuming
the disk to be face-on (best case scenario) and including
extinction along the line of sight, i.e. absorption due to
the gas and the dust grains in the disk. The size distri-
bution and the chemical composition of the dust grains
in the disks are unfortunately poorly known and these
can strongly affect the opacities. In order to assess the
uncertainties introduced by the unknown grain proper-
ties we experimented with four very different opacity
tables:
1. dust mixture of 40% silicates + 40% water-ice +
20% carbon (i.e. graphite), with dust grain sizes
of 1 microns, and dust-to-gas ratio of 1% (Draine
2003; Zubko et al. 1996; Warren & Brandt 2008).
2. silicate grains, with size distribution between 0.005
microns and 2.5 microns (with a slope of -3.5),
and dust-to-gas ratio of 1% (Draine & Lee 1984;
Mathis et al. 1977)).
3. graphite grains, with dust grain size distribution
between 0.005 microns and 2.5 microns (with a
slope of -3.5), and dust-to-gas ratio of 1% (Draine
2003; Mathis et al. 1977).
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Figure 3. Temperature-map of the circumplanetary disk in the 10 MJup simulation (i.e. the hottest simulation). As mass
flows in with high velocities (few streamlines shown), it creates a hot shock front onto the surface of the circumplanetary disk
(dark orange surface above and below the planet). In this figure the circumplanetary disk is clearly visible with orange colors,
showing that the disk is hotter than its surroundings.
4. only gas opacities (Draine 2003), describing a case
where the dust has sublimated or the disk is oth-
erwise depleted from dust.
The gas-only case gives an absolute upper limit (theo-
retical limit) for the line luminosities, since the presence
of dust in protoplanetary disks is well-established from
observations. The graphite grains have very high opac-
ity, and considering only those is just a limit of highest
possible opacity-case (i.e. minimal line luminosities). A
realistic disk might have a composition similar to our
silicate-water-carbon case.
Finally, we estimated the variability of the lines. In
the hydrodynamic simulation there are changes in the
CPD accretion rate from the meridional circulation as
the planet orbits around the star. This leads to changes
in the strength/temperature of the shock front on the
circumplanetary disk (Fig. 3). We account for this effect
by analyzing for each planetary mass simulation, the
results for a minimal and a maximal total temperature
case within one orbit of the planet.
3. RESULTS
3.1. The Line Luminosities
The computed line luminosities in Solar-luminosity
units (LSol) can be found in Table 1 and are plotted
on Figure 7. We tested what percentage of the line lu-
minosities comes from the circumplanetary disk only, by
removing the planet entirely from the integration for the
line emissivities. This calculation showed that 100% of
the reported luminosities come from the circumplane-
tary disk itself. Therefore, the observability of hydro-
gen lines from forming planets can only be estimated
via modeling of the circumplanetary disk rather than
the planet interior and surface.
With the most realistic disk opacities (the silicate-
water-carbon mixture), only the 10 MJup case could be
observed with luminosities on the order of ∼few times
10−2 LSol for H-α and ∼few times 10−3 LSol for Paschen-
β and Brackett-γ lines. We emphasize, however, these
calculations assume the most favorable configuration
(face-on disk, local-thermal equilibrium approximation),
and should thus be considered as upper limits. For the
lower mass planet cases (≤ 5 MJup ) with this opac-
ity table, the line luminosities are always < 10−10 LSol
for all lines, well below the detection limits of current
instruments. This might explain why only so few de-
tections of H-α from planetary mass objects exist, given
that planets above 5 MJup are rare.
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Figure 4. Temperature-map zoom into the planet vicinity for the 10 MJup simulation (i.e. the hottest case). The shock front
on the circumplanetary disk above the planet is clearly visible with high temperature. This is the region which is hot enough
to ionize hydrogen, see also Fig. 5
For comparison purposes, we have also calculated the
line luminosities with pure silicate opacities only. As
silicate has lower opacity than carbon and water, these
line fluxes are higher than the mixture case containing
those two (Table 1, Fig. 7). For the 3 MJup and 5 MJup
cases the line luminosities range between 10−4 LSol to
10−9 LSol, which could be observable with current in-
struments. The 10 MJup planet produces on the order of
few times 10−3 LSol for Paschen-β and Brackett-γ lines
and few times 10−2 LSol for H-α. Using the graphite (i.e.
carbon) opacity, the line luminosities are more extinct
than in the pure silicate case. Still, the 3 and 5 Jupiter-
mass cases could be near the observable limits for all
lines (Table 1). All the hydrogen recombination lines
are easily observable from the 10 Jupiter-mass planet
simulations, however, a 1 MJup case is significantly be-
low any detection limit.
Considering only gas opacities (i.e. almost no extinc-
tion), all the lines for all planetary masses considered
here could be observable with line fluxes larger than
10−6 LSol. This case might be relevant only if all dust
grains have sublimated or in the unlikely case of circum-
planetary disks that are intrinsically free of dust (Zhu
2015). These line fluxes obtained under the no dust as-
sumption, therefore should be considered as theoretical
upper limits. More likely dust extinction in the circum-
planetary disk (Draz˙kowska & Szula´gyi 2018) and its
atmosphere will reduce the line luminosities by several
orders of magnitude (see Table 1 and Fig. 7).
Our results suggest that when realistic opacities are
considered (mixture of silicate, water and carbon), de-
tecting forming planets smaller than 10 MJup via hy-
drogen recombination lines is challenging with current
instrumentation. Forming planets larger than this limit
might be observable, but unfortunately their occurrence
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Figure 5. Density color map of the same region as Fig. 4, with the ionization fractions over-plotted. Clearly, ionization, and
therefore hydrogen recombination line production happens in the planet and in the circumplanetary shock front. The planet’s
contribution to the line luminosity is, however, obscured by the upper layers of the circumplanetary disk, meaning that only
the line emission from the circumplanetary disk can be observable.
Figure 6. The entire simulation box with the circumstellar disk for the 10 MJup planet case. There is an orange butterfly
structure within the planetary gap in the right side of the disk: this is the circumplanetary disk developed around the forming
planet.
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rate is relatively low1. As well as intrinsically brighter
line luminosities, the observability of 10 MJup forming
planets is higher due the planet carving a deeper gap
in the circumstellar disk which results in lower extinc-
tion above the circumplanetary disk shock-surface. In
the lower planetary mass cases, the gap is shallower and
less empty, hence extinction more severely affects the
line luminosities. The situation is of course more com-
plex when the system is inclined from the line of sight,
since in this case additional line absorption from circum-
stellar disk material can then be expected as well.
3.2. Variability
The line variability was also examined. As mentioned
before, the accretion rate onto the CPD and thus the
shock-front strength will change as the planet orbits
around the star. Moreover, the density around the
planet & CPD changes as well during the orbit, lead-
ing to different extinction columns at different times.
For these reasons, we considered a minimal and maxi-
mal temperature case for planets ≥ 3MJup. Because the
density (hence the extinction) also changes, the max-
imal temperature case does not necessarily lead to the
maximal, and the minimum temperature to the minimal
line luminosity. The minimal and maximal line produc-
tion cannot be ’a priori’ estimated, hence we choose the
total temperature as a likely marker. As line fluxes for
the 1 Jupiter-mass planet are always negligible regard-
less of dust opacities, we omit them from the following
discussion. In most cases, the variability is of order a
few, but in some cases it can reach a few orders of mag-
nitude (Table 1 ). The generic trend is that the larger
the planetary mass is, the larger the line variability (see
Table 2). Expressed in percentages, the 3 MJup line
luminosities vary less than 0.12% for all lines and opac-
ities, the 5 MJup simulations less than 5%, and the 10
MJup typically on the order of tens of percent (but in the
range of 2-57%). The reason is understandable by the
fact that the larger mass planets perturb the circumstel-
lar disk more, their gaps are wider and more eccentric,
hence the accretion rate to the circumplanetary disk is
also more variable than in the smaller mass planet cases.
The variability of these lines can be a further explana-
tion why in the case of the LkCa 15b planet candidate,
H-α could be detected in one observation (Sallum et al.
2015), but not in others (Mendigut´ıa et al. 2018); it is
indeed possible that the H-α production at the time of
the second observation was just below the observational
limit.
1 http://exoplanet.eu/
3.3. The relation between Mplanet and LHline
In general, the line luminosities increase with increas-
ing planetary mass (Fig. 7). We calculated the regres-
sion between each line versus the planetary mass, to
obtain a rough Mplanet ∝ log10(Lline) relationship. The
coefficients of the fitted lines can be found in Table 3 for
each opacity case separately. This trend is mainly driven
by the temperature being generally higher in the vicin-
ity of a more massive planet, resulting in more hydrogen
ionization and hence higher line luminosities. Further-
more, the mass influx rate to the circumplanetary disk
is also enhanced with higher planetary mass (last row in
Table 1). This is because the vertical mass influx scales
with the free-fall velocity, and thus with the planetary
mass (Szula´gyi 2017). We also found that all of the ob-
servable hydrogen recombination line production comes
from the circumplanetary disk shock, rather than from
the planet itself. An observer might see this luminous
shock front (Fig. 4), while the planet emissivity would
be absorbed by the large extinction in the circumplane-
tary disk (see Fig. 5).
3.4. The relation between Lacc and LHline
As mentioned above, an empirical relation between
accretion luminosity (Lacc) and the hydrogen recombi-
nation line luminosity (LHline) has been derived from ob-
servations of young T Tauri stars (Rigliaco et al. 2012;
Alcala´ et al. 2014). However the validity of this relation-
ship for planets is questionable. In what follows we de-
termine the relationship between Lacc and LHline based
on our simulations. First, we obtained the mass influx
rate to the circumplanetary disk (Tanigawa et al. 2012;
Szula´gyi et al. 2014 A = ρsvz, where ρ stands for den-
sity, s for surface, and vz for z-component of velocity)
that generates the shock front (see last row in Table 1).
This is not the actual accretion (i.e. net growing) rate of
the circumplanetary disk, or of the planet, because most
of this mass will be recycled and will flow back to the
midplane regions of the circumplanetary disk (Fig. 2,
1). The accretion luminosity can be computed from the
mass fluxes using the formula: Lacc = GMplanetA/R,
where G is the gravitational constant, A is the mass
influx rate and R is the distance of the surface where
the mass influx was computed. We used R = 4 × 1011
cm, which is just above the shock-front in these sim-
ulations. As a next step, we computed the regression
between log10(Lacc) and log10(LHline). The fitted line
values and uncertainties are given in Table 4. While for
completeness all opacity cases are reported in the table,
we caution that due to the large errors only the gas-
opacity case can be considered robust. Here, the slope
seems to be steeper for planets (slope ∼= 2) than in the
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Figure 7. Line luminosities in Solar-luminosity units for H-α, Brackett-γ and Paschen-β lines with four different opacities (1.
mixture of 40% silicate + 40% water-ice + 20% carbon; 2. silicate grains; 3. graphite (carbon) grains; 4. gas only, no dust).
The x-axis shows the planetary mass in the given simulation: 1 MJup, 3 MJup, 5MJup and 10 MJup planets. For each case above
Jupiter-mass, we estimate line variability due to variable accretion along the planetary orbit by providing a maximum and a
minimum case.
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1 MJup 3 MJup 3 MJup 5 MJup 5 MJup 10 MJup 10 MJup
LHα (mix) 0.00E+00 1.09E-24 6.11E-11 3.93E-16 4.32E-11 3.40E-02 6.20E-02
LBrγ (mix) 0.00E+00 2.93E-27 5.54E-13 2.60E-18 4.42E-13 4.22E-04 9.72E-04
LPaβ (mix) 0.00E+00 1.61E-25 4.90E-12 4.65E-17 3.06E-12 2.89E-03 4.91E-03
LHα (silicate) 0.00E+00 2.62E-09 1.27E-06 1.19E-06 1.54E-07 6.55E-02 6.68E-02
LBrγ (silicate) 2.32E-11 1.13E-06 1.16E-06 1.26E-04 7.40E-05 1.13E-03 1.10E-03
LPaβ (silicate) 2.21E-23 7.60E-07 2.12E-06 9.31E-05 1.16E-05 6.99E-03 5.43E-03
LHα (graphite) 0.00E+00 8.94E-20 1.30E-09 2.85E-13 3.13E-10 4.05E-02 6.32E-02
LBrγ (graphite) 0.00E+00 7.47E-10 4.93E-08 1.85E-07 6.20E-09 9.12E-04 1.06E-03
LPaβ (graphite) 0.00E+00 2.37E-13 1.12E-08 9.96E-10 1.42E-09 4.75E-03 5.18E-03
LHα (gas) 7.95E-05 1.89E-04 1.11E-04 1.64E-02 1.93E-02 8.78E-02 6.95E-02
LBrγ (gas) 1.64E-06 3.08E-06 1.71E-06 2.95E-04 3.48E-04 1.15E-03 1.10E-03
LPaβ (gas) 6.24E-06 1.29E-05 7.38E-06 1.27E-03 1.49E-03 7.46E-03 5.48E-03
Mass influx rate to CPD [MJup/year] 2.61E-05 4.76E-05 2.66E-05 8.44E-05 9.22E-05 4.80E-05 1.18E-04
Table 1. Line luminosities in Solar-luminosity [LSol] units for each planetary masses, and four different opacity tables
(indicated in the brackets in the first column). The two values given for the 3-10 MJup planets are a measure of expected
line variability along the planetary orbit, and represent a minimum and a maximum total temperature case from the
hydrodynamic simulation outputs. The line variability along the orbit is due to variations of the accretion rates onto
the CPD, as given in the last row of this table.
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1 MJup 3 MJup 5 MJup 10 MJup
Mixture of 40% silicates + 40% water-ice + 20% carbon:
Variability (H-α) [%] 0.00 0.00 0.00 45.25
Variability (Br-γ) [%] 0.00 0.00 0.00 56.63
Variability (Paβ) [%] 0.00 0.00 0.00 41.13
Silicate grains only:
Variability (H-α) [%] 0.00 0.00 0.00 1.90
Variability (Br-γ) [%] 0.00 0.00 4.61 3.07
Variability (Paβ) [%] 0.00 0.02 1.17 22.27
Graphite grains only:
Variability (H-α) [%] 0.00 0.00 0.00 35.94
Variability (Br-γ) [%] 0.00 0.00 0.02 14.30
Variability (Paβ) [%] 0.00 0.00 0.00 8.26
Gas opacity only:
Variability (H-α) [%] 0.00 0.09 3.24 20.80
Variability (Br-γ) [%] 0.00 0.12 4.58 4.76
Variability (Paβ) [%] 0.00 0.07 2.99 26.49
Table 2. Variability of the lines (in percentages) for the four
different opacity tables and the various planetary masses.
Lline (opacity table) a b σ
LHα (mix) 18.95 -153.07 11.64
LBrγ (mix) 2.32 -26.45 0.75
LPaβ (mix) 19.60 -159.14 12.10
LHα (sil.) 6.08 -50.38 3.61
LBrγ (sil.) 0.64 -8.60 0.19
LPaβ (sil.) 1.44 -14.45 0.65
LHα (graph.) 14.95 -121.22 9.15
LBrγ (graph.) 4.39 -38.81 2.52
LPaβ (graph.) 9.21 -76.38 5.60
LHα (gas) 0.35 -4.35 0.08
LBrγ (gas) 0.34 -6.06 0.08
LPaβ (gas) 0.36 -5.50 0.08
Table 3. Planet mass vs. hydrogen recombination line
luminosities. Coefficients for regression for log10(Lline) =
a∗Mplanet+b relation and the 1-sigma uncertainty estimates
for the parameter ”a”. The four different opacity tables con-
sidered are indicated in the parenthesis in column one.
case of stars (slope ∼= 1 Rigliaco et al. 2012; Alcala´ et al.
2014). These results imply that the accretion process is
indeed different for planets and for stars. Furthermore,
they also mean that previous observations and analyses
which employed the T Tauri formula for forming plan-
ets might have overestimated the accretion rates of the
planets (or rather, of the circumplanetary disks).
4. LIMITATIONS OF OUR MODEL
Lline (opacity table) a b σ
LHα(mix) 152.19 395.12 57.71
LBrγ(mix) 12.73 22.96 8.52
LPaβ(mix) 157.71 408.74 60.00
LHα(sil.) 48.18 123.57 17.90
LBrγ(sil.) 4.50 8.04 0.71
LPaβ(sil.) 10.63 24.45 3.08
LHα(graph.) 119.85 310.64 45.37
LBrγ(graph.) 34.35 85.50 12.47
LPaβ(graph.) 73.66 189.16 27.79
LHα(gas) 2.23 4.08 0.41
LBrγ(gas) 2.18 2.15 0.42
LPaβ(gas) 2.26 3.04 0.44
Table 4. Accretion luminosity vs. hydrogen recombi-
nation line luminosities. Coefficients for regression for
log10(Lline) = a ∗ log10(Lacc) + b relation and the 1-sigma
uncertainty estimates for the parameter ”a”. The four dif-
ferent opacity tables are marked in the parenthesis after each
line luminosity.
These simulations do not contain magnetic fields,
however the circumplanetary disk magnetic field could
change the accretion rate to the planet (Gressel et al.
2013). Moreover, if the planet has strong magnetic fields
(≥ 100 Gauss - Owen & Menou 2016), it might accrete
via magnetospheric accretion like stars do, instead of
boundary layer accretion (Batygin 2018). Clearly, mag-
netospheric accretion would completely change the ac-
cretion flow, as well as the growth rate. For magneto-
spheric accretion to happen, two conditions need to be
met: first, the planet should have strong (≥ 100 Gauss
- Owen & Menou 2016) field; second, there should be
sufficient amount of ionized gas in the CPD. Regarding
the first, Jupiter has today 5 Gauss field. It could be
that planets during their formation had larger magnetic
field, as this is true for stars (Christensen et al. 2009).
Owen & Menou (2016) back-of-an-envelope estimation
suggested that Jupiter might have had ∼ 50 Gauss field
during its infancy, but this would still not be enough to
launch magnetospheric accretion. Regarding the ioniza-
tion rates, the bulk of the CPD is neutral (see e.g. Fig.
5; Fujii et al. 2011, 2014). However, Batygin (2018)
calculated from our models that alkali elements might
have enough ionization. In any case, full 3D magneto-
hydrodynamic simulations are needed with planet mag-
netic fields included, in order to understand how the
accretion stream changes in the magnetospheric accre-
tion case. So far no such simulation was possible due to
the limitations of the today’s computers. Furthermore,
dynamo models are needed for forming planets to un-
derstand what field strength we can expect in this stage
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(that is still completely unknown). There is a possibil-
ity, that our parametric equation slope value differs from
that of stars, because our case is boundary layer accre-
tion. The parametric equations would be likely different
for magnetospherically accreting planets.
In this work we also omitted gas self-gravity, that
could play an important role in the runaway phase (Pol-
lack et al. 1996; Piso et al. 2015). The inclusion of self-
gravity would help on the CPD-collapse and presum-
ably increase the accretion rate (Ayliffe & Bate 2012).
However running 3D global simulations with radiation
transport, as well as with planet-resolution in the Hill-
sphere, together with self-gravity, would be computa-
tionally very expensive and could be done only on the
next generation computers.
The accretion rates of planets and CPDs are known
to depend on the circumstellar disk surface density, the
viscosity assumed, the scale-height of the circumstellar
disk (e.g. the semi-major axis of the planet, the tem-
perature of the CSD). These effects therefore can also
affect somewhat the calculated line fluxes. Due to the
expensiveness of these high resolution simulations with
all the physics mentioned in Sect. 2.1 included, it is only
possible to explore a small part of the parameter space.
Our simulations had a resolution somewhat smaller
than the radius of forming planets (∼0.8 Jupiter-
diameter), and we did not have any planet interior
model included. Such models could potentially better
estimate the hydrogen recombination line emission from
the forming planets. The emission of the interior, how-
ever, necessarily will be absorbed by the interior and
outer regions of the planet. Only the atmosphere pro-
duction would be able to leave the planet, but then – as
it happens in our simulations as well –, it will likely be
absorbed by the CPD material.
5. CONCLUSION
In this work we computed self-consistently H-α,
Paschen-β and Brackett-γ line luminosities from 3D
thermo-hydrodynamical simulations with JUPITER
(Szula´gyi et al. 2016). The planet masses considered
were 1, 3, 5 and 10 Jupiter-masses. Line luminosities
from recombination cascades were estimated using the
formulism in the MOCASSIN code (Ercolano et al. 2003,
2005, 2008) in combination with a ionisation calculation
using the Saha equation. We explored various opacities
to estimate the line emissions with extinction in each
cases. In the most realistic opacity case (dust mixture
of 40% silicates + 40% water-ice + 20% carbon) only
planets ≥10 Jupiter-mass can be detected with current
instrumentation. The detectable line flux originate in
all cases from the CPD surface shock-front, while the
planet emitted contributions are completely absorbed.
Our results indicate that detecting hydrogen recombina-
tion lines from forming planet is very challenging with
current instrumentation, which might explain the very
few detections reported so far.
Our study on line flux variability showed that this is
higher for higher mass planets, due to the orbital vari-
ance in the accretion rate onto the CPD. Higher mass
planets are on more eccentric orbits, hence the accretion
rate to the CPD will not be the same along the orbit,
which changes the strength of the accretion shock.
We determined for the first time the parametric equa-
tion between the accretion luminosity and the H re-
combination line luminosity for planets. Moreover, we
also determined the relationship between the planetary
mass and the line luminosities for H-α, Paschen-β and
Brackett-γ separately, and for the various opacity cases.
These relationships for planets seem to be steeper than
the equations for T Tauri stars, highlighting that the ac-
cretion process around planets proceeds differently than
around stars.
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